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Abstract 
Polyurethane (PU) with single-walled carbon nanotubes (SWCNTs) composites were prepared by an in-situ polymerization method, using 
1,6-hexane diisocyanate and hydroxyl terminated polybutadiene in tetrahydrofuran. All the composites exhibit as tough films. The 
PU/SWCNTs blend interactions were studied between the poly(urethane amide), [PUA] functional group and SWCNTs. In the blend 
matrix, SWCNT interaction with carbonyl amide of PUA is stronger than amide nitrogen of PUA due to the proximity effect of carbonyl 
groups. This effect leads to block the inter and intra molecular hydrogen bonding within PU matrices. The interaction of SWCNTs with 
the PUA were examined and studied by ATR-FTIR, Raman spectra, and resistivity study. The “core-shell” tubular bundles morphologies 
of composites were observed by SEM.  All the analyzed data revealed that the SWCNTs were uniformly distributed in PU matrix. These 
nanotube composite films could be used in the field of aircraft coatings. 
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1. Introduction 
Single-walled carbon nanotubes (SWCNTs) the play a vital role in the field of nanoscience: owing to their exceptional 
electrical, thermal and mechanical properties [1]. A SWCNT is a one-atom thick sheet of graphite (called graphene) rolled 
up into a seamless cylinder capped by semi-fullerene type caps at both ends, with a diameter typically in the range of 1-2 
nm [2]. It is known that SWCNTs, has the capacity to form excellent reinforcement material in the polymer composites, due 
to their high tensile strength, aspect ratio, light weight, and very high Young’s modulus. The effective use of SWCNTs in 
composite applications depends on the ability to disperse the SWCNTs uniformly throughout the matrix without affecting 
their aspect ratio. Because of van der Waals interaction, nanotubes are held low solubility in solvents and tend to remain as 
entangled agglomerates [3]. To overcome the difficulty of dispersion, mechanical/physical methods were applied. The 
researchers have paid much attention to the ultrasonication approach for dispersing the nanotubes. The polyurethane (PU) 
materials have been largely used as a matrix for the polymer /SWCNT composites because of their tailor made properties of 
the materials [4].  
Polyurethane (PU) is one of the most versatile materials today, because of their excellent mechanical properties, good 
biocompatibility, light weight, coatings, adhesives, thermoplastic elastomers and composites [5]. An important method to 
improve the mechanical and thermal properties of PU is to introduce inorganic fillers into the PU matrix [6]. However, the 
improvement by conventional filler is limited and not up to the mark. A better method to improve the physical properties of 
PU is by chemical interactions of molecules with SWCNT surface. This would benefit and helps to improve: such as i) gas 
sensing which involve adsorption of molecules onto the SWCNT surfaces, and ii) their dispersal effect in solvent [7]. Sen et 
al [8] have prepared a SWCNT reinforced PU composite membrane using the electrospinning technique. Compared to blank 
PU membrane, the tensile strength of SWCNT/PU membrane was enhanced by a104% and the tangent modulus was found 
to improve by a250% [8]. The formation of strong interfaces in carbon nanotube-polymer composites would be challenging, 
but it could be done by functionalization of nanotube or making molecular interaction on nanotube body, which further can 
be chemically bonded to the polymer chains [9], to achieve flexible PU/SWCNTs composite films.  
 
2. Materials and Methods 
Single-walled carbon nanotubes (SWCNTs) with diameter 2-10 nm and length 1-5 μm, hydroxyl terminated 
polybutadiene (HTPB), Mw 2,400, OH value 47 mg KOH/g, and 1,6-hexane diisocyanate (HDI) were purchased from 
Aldrich, USA and used as received. The catalyst dibutyltin dilaurate (DBTDL) was obtained from Fluka, Switzerland and 
used as such. The probe sonicator Sonics VCX 750, USA and water-bath sonicator Equitron, India were used for the 
dispersion of SWCNTs in THF solvent. The SWCNTs in polymer matrix were characterized by Raman spectroscopy 
(Witch confocal Raman microscopy alpha300 R), Attenuated Total reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR) (ABB MB3000) was used to identify the composites functional groups. The surface morphology of the 
prepared composites films were analyzed by Field Emission Scanning Electron Microscopy (FE-SEM SU6600, Hitachi).  
The different weight percentage of PU/SWCNTs composite was prepared by taking SWCNTs in a 100 mL beaker with 
dried THF solvent and was subjected to ultrasonic irradiation using probe sonicator at for 30 min. to achieve a uniform and 
good dispersion of SWCNTs in THF [8]. The 3 g (1.3 mM) of oligomeric diol (HTPB), was taken in THF (30 mL) along 
with nitrogen gas as inlet. The well dispersed SWCNTs with different wt% (Table 1) were mixed with HTPB. The 
HTPB/SWCNTs, was further ultrasonicated by using water-bath sonicator at room temperature (RT) for an about 30 minute 
to achieve homogenous mixing, shown in Fig. 1. This homogenous HTPB/SWCNT in THF solvent shows uniformity after 
24 h may be due to the high viscosity of HTPB, which blocks the SWCNTs aggregation as shown in the Fig. 1. The pristine 
SWCNTs in THF solvent without HTPB show the nanotube aggregation after 24 h. 
 
 
 
 
 
Fig. 1. Ultra-sonication of SWCNTs: I a) HTPB polymer, b) dispersed SWCNTs in THF and c) dispersed SWCNTs in HTPB. After 24 h sonication: II a) 
HTPB polymer, b) aggregated SWCNTs in THF and c) dispersed SWCNTs in HTPB polymer. 
After 24 
a b c
(I) (II) 
a b c 
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The HTPB/SWCNTs mixture was reacted with 0.30 mL (2.67 mM) of HDI in THF  to obtain the final product i.e. 
PU/SWCNTs composites through in-situ polymerization method, in presence of 0.05 wt % DBTDL as catalyst, and 
maintaining the NCO:OH mole ratio of 2:1. The reaction was carried out in a magnetic stirrer for an about 3 h at RT [4]. 
The different composition of PU/SWCNTs composites prepared was listed in the Table 1. 
 
                                  Table 1. Composition of PU/SWCNTs with sample codes. 
Code NCO:OH 
ratio 
SWCNTs  
(mg) 
SWCNTs 
 (wt. %) 
PU  - - 
PS1  0.61 20 
PS2 2:1 0.75 25 
PS3  0.92 30 
3. Results and Discussion 
The interaction of SWCNTs with HTPB based PU matrix was examined, using the FTIR with ATR. The ATR-FTIR 
instrument helps to study the polyurethane amide (PUA) carbonyl on the surface of SWCNTs. The Fig. 2 shows the ATR-
FTIR spectra of PU and composites (PS1-3) with different wt. % of SWCNTs from 20% to 30%. The IR spectra of PU 
show characteristic peaks in the region of 2800-3070 cm-1 for aliphatic C-H stretch, and the band in the region of 3300-3400 
cm-1 is characteristics of NH stretch. The peak at 1702 cm-1 can be clearly assigned to the amide carbonyl stretching of PU 
[6]. A peak at 1440 cm-1 is a typical band for C=C stretch, and a peak at 1259 cm-1 is identified as the C-N stretching band. 
The absence of isocyanate peak at 2275 cm-1 helps as to confirm the successful completion of PU reaction in room 
temperature [9]. However, the intensity of amide carbonyl at 1702 cm-1 decreasing as the wt. % of SWCNTs increased (PS1-
3). This may be due to the interaction of amide carbonyl with the SWCNT surface. Such interaction affects the inter and 
intramolecular hydrogen bonding in composite, which as a results show the shoulder peak of N-H stretch at 3340 cm-1 with 
shift in position and improved in intensity (Fig. 3) [10]. Hence, the interface interaction between the PUA and SWCNT in 
the PU matrix was confirmed, and as a result, uniform and well dispersed SWCNTs in composite films were obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. IR spectra of PU and PU/SWCNTs composites (PS1, PS2 and PS3). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic representation of PUA interaction with SWCNTs. 
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To investigate the interactions between PU and SWCNTs in the composite matrix, the Raman spectroscopy was 
performed on the unmodified SWCNTs and PS2 samples (Fig. 4). The typical SWCNTs consist of four characteristic bands; 
the radial breathing modes (RBM), a defect induced mode (D-band), the tangential mode (G-band), and the overtone of D-
band (D*) [11]. The Raman spectra of SWCNTs show the characteristic peaks for G, D, D* and RBM bands at 1590, 1340, 
2654 and 182 cm-1, respectively. The PS2 composite sample show the G band at 1575 cm-1, predominant D band at 1319 
cm-1, D* band at 2068 cm-1 and RBM at 154 cm-1. Here, all the peaks were shift in its position compare to SWCNTs spectra. 
A shift in the Raman values confirms the PUA interaction on SWCNT surface [9]. According to a relation of the type 
Ω(cm-1) = 223.75/d (nm), the peak position of RBM is related to the tube diameter of SWCNT [12]. The tube-tube 
interaction within a bundle as shown in the following equation, which helps to calculate the diameter of CNTs [13]: 
 
                                                     
      1
1
1 .75.223  ': : cm
nmd
cmnmcm                                                       (1) 
Where, Ω is the radial breathing mode frequency, d is the diameter of nanotube and ΔΩ = 14 cm-1 denotes the up-shift 
due to tube-tube interaction. Using the equation (1) relationship, we were able to calculate the diameter range of SWCNTs 
in the polyurethane composite (PS2). From the calculation, we observed that the intensity ratio (ID/IG) and diameter of 
SWCNTs in composite is differed from the native SWCNTs (Table 2) due to the interactions between PUA and SWCNT 
surface (Fig. 3)[14]. This finding supports and further evidences the interaction PUA and SWCNTs. Moreover, the optical 
and polarized color image of PS2 sample also supports the uniform distribution of SWCNTs in PU matrix (Fig. 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Raman spectra of SWCNTs and PS2 composites. 
 
                                Table 2. Raman spectral data of SWCNT, and PS2 for comparison. 
Type of 
material 
G-band 
(cm-1) 
D-band 
(cm-1) 
ID/IG  
ratio 
Diameter of 
nanotubes (nm) 
SWCNTs 1590 1340 0.660 1.23 
PS2 1575 1319 0.204 1.54 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Raman microscopic image of PS2 (a) optical image, and (b) Polarized image. 
(a) (b) 
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The surface morphology of SWCNT and composite films were investigated using FE-SEM. The morphology of SWCNT 
shows an extensive network of overlapping nanotubes that are present in bundles (see Fig. 6a). The PU/SWCNTs exhibits 
the tubular bundle forms (Fig. 6b-c) [4]. This tubular forms of SWCNT composites, does not represent the actual bundle 
size of SWCNTs, but rather they also have the core (SWCNTs) and shell (PU) in PU/SWCNTs composites i.e. the 
composites were embedded with a SWCNTs core and PU shell , hence the “core-shell” (tubular bundles) were observed  
(Fig. 6d) [15]. Similar report have also been observed in other SWCNT–filled polymer composite such as SWCNT/nylon-6 
composite and SWCNT/nylon-6,10 composite [16]. These tubular formations may also be used as electrical conductive 
nanowire and optical wave guides [17]. Another important application is the AFM probe tip, where the small SWCNT 
bundles can be used for achieving high resolution, while the larger-diameter of polymer shell may provide rigidity and ease 
of handling [18]. Thus the FE-SEM image of PU/SWCNTs composite supports our claim that the SWCNT interaction with 
PUA of polymer matrix and form the tubular bundle, and further it gives as uniform PU/SWCNTs composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. FE-SEM image of a) SWCNTs, b) PS2 (500 nm), c) PS2 (1μm) and d) schematic representation of tubular formations. 
 
The electrical resistivities of PU/SWCNT composites films were measured by the two-probe method. The Table 3 show 
the resistivity of neat PU and composite films. The resistivity of composite films decreased from 1.4832 x1013 Ωcm (neat 
PU) to 2.9068 x105Ωcm (PS3 with 30% SWCNTs) in composite matrix [19]. These due to the formation of π-π interaction 
on SWCNTs surface with PUA [19]. Hence, composite material exhibits low electrical resistance and more flexibility. 
 
                                     Table 3. Electrical resistivity of PU/SWCNTs. 
 
Code SWCNT 
 (wt%) 
Resistivity 
 Ω cm 
PU - 1.4832 x1013 
PS1 20% 5.444 x106 
PS2 25% 3.1591 x106 
PS3 30% 2.9068 x105 
 
(a) 
(d) 
SWCNT  
Polymer 
(b) 
(c) 
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4. Conclusions 
 In this work, we have shown the method to obtain uniform PU/SWCNTs composite films by in-situ 
polymerization. The interaction on the surface of SWCNTs via HTPB based polyurethane by proximity effect was 
established. The ATR-FTIR provides the evidence for intermolecular interaction through oxygen and nitrogen atom by 
blocking hydrogen bonding. The π-π interaction between the PUA and SWCNTs of PU/SWCNTs matrix was further 
confirmed by Raman studies. The optical and polarized image clearly shows the uniform distribution of SWCNTs in 
PU/SWCNTs composite. The FE-SEM observation reveals that SWCNTs in PU composite films are well distributed, along 
with strong interface interaction and leads to the formation of tubular form of nanotubes. The electrical resistivity of 
nanocomposite materials study shows the lower resistivity. This may widen the applications of PU/SWCNTs composites 
without affecting the properties of HTPB based PU. These findings may help to understand the proximity effect in 
PU/SWCNTs matrix. 
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